Piperacillin/tazobactam and ciprofloxacin are often used in combination as initial empiric antibiotic therapy in critical ill patients. Especially in patients undergoing continuous renal replacement therapy (CRRT) the pharmacokinetics of antimicrobial agents can be highly variable. In order to avoid under-or overdosage of antibiotics therapeutic drug monitoring (TDM) is highly recommendable. Based on two known HPLC assays for piperacillin a new method in combination with solid phase extraction (SPE) for the simultaneous determination of piperacillin and ciprofloxacin was developed. Method validation was performed according to the EMA guideline on validation of bioanalytical methods. The HPLC column used was a Perfect Bond ODS-HD C18 analytical column (100 mm × 4.6 mm i.d., particle size 5 µm), equipped with a guard column (10 mm × 4.6 mm, particle size 5 µm) containing the same packing material. Detection wavelength was set at 228 nm for piperacillin and benzylpenicillin was used as internal standard (IS). Ciprofloxacin was determined at two wavelengths (280 nm, 315 nm). This newly developed HPLC method in combination with SPE-extraction allows an accurate, precise, specific and efficient determination of piperacillin and ciprofloxacin in biological matrices. Results allow the calculation of all relevant pharmacokinetic data for critically ill patients undergoing CRRT and the optimization of dosing and TDM.
Introduction
Piperacillin/tazobactam and ciprofloxacin are often used in combination as initial empiric antibiotic therapy in critical ill intensive care patients [1] . Especially in patients undergoing continuous renal replacement therapy (CRRT) the pharmacokinetics of antimicrobial agents can be highly variable [2] . In order to avoid under-or overdosage of antibiotics therapeutic drug monitoring (TDM) is highly recommendable [3] [4] . TDM is based on the measurement of antimicrobial drug concentrations in the biological matrices. Concentrations of antimicrobial agents are usually determined by HPLC assays with ultraviolet (UV) detection. To our knowledge there are no methods published to determine simultaneously concentrations of piperacillin and ciprofloxacin in plasma or dialysate samples. Based on two known HPLC assays for piperacillin a new method for the simultaneous determination of piperacillin and ciprofloxacin was designed [5] [6] . The aim of this study was to develop a rapid and reproducible HPLC method for the simultaneous determination of piperacillin and ciprofloxacin in human plasma and dialysate samples obtained from critical ill patients undergoing CRRT. In addition the same sample pre-treatment method with solid phase extraction (SPE) should be feasible for both antibiotics. Method validation was performed according to the EMA guideline on validation of bioanalytical methods [7] .
Experimental

Reagents and Chemicals
Licensed drug products of piperacillin sodium (Piperacillin/Tazobactam Stragen 4.5 g, Stragen Pharma GmbH, Germany), ciprofloxacin hydrogen sulfate (Ciprofloxacin Kabi Infusionslösung, Fresenius Kabi Deutschland GmbH, Germany), benzylpenicillin sodium and benzylpenicillin potassium (Penicillin Grünenthal 10 Millionen I.E., Grünenthal GmbH, Germany) were used for method validation and in the treatment of patients. Potassium dihydrogen phosphate, disodium hydrogen phosphate-dodecahydrate and sodium hydroxide were obtained from Merck KGaA (Darmstadt, Germany). Sodium dihydrogen phosphate-dihydrate and HPLC-grade water were purchased from Applichem (Darmstadt, Germany). Acetonitril was purchased from LGC-Promochem (Wesel, Germany). Methanol (HPLC grade) was obtained from Fisher Chemical (Loughborough, UK). Ultrapure water (HPLC grade) was obtained from Applichem (Darmstadt, Germany). Fresh frozen human plasma was obtained from the blood bank of the University Medical Center Mainz (Mainz, Germany).
Standard Solutions of the Antibiotics
Standard solutions were prepared with ultrapure water to obtain solutions with a nominal concentration of 1 mg/ml for piperacillin and benzylpenicillin (internal standard) either. The standard solutions for ciprofloxacin were prepared to obtain solutions with nominal concentrations of 0.1 mg/ml and 0.01 mg/ml. An appropriate mixture of the standard solutions with ultrapure water and plasma was used to prepare the calibration standards. Standards were stored at −20˚C.
Solid Phase Extraction
Blood samples were centrifuged with a Heraeus Labofuge 400R Function Line (Heraeus, Hanau, Germany). Plasma samples were vortex mixed by a Vortex IKA Minishaker MS2 (IKA, Wilmington, USA). The SPE system consisted of a Vacuum Manifold Chromabond (Macherey Nagel, Düren, Germany) equipped with Chromabond C18ec 1 ml/100mg cartridges (Macherey Nagel, Düren, Germany).
Instrumentation
The HPLC system consisted of a Waters Alliance 2695 separation module linked with a Waters 2998 photodiode array ultraviolet detector (PDA). Data were acquired and integrated by using Waters Empower 2 Software version 6.10.01.00 (Waters Eschborn, Germany). The column used was a Perfect Bond ODS-HD C18 analytical column, MZ-Analysentechnik, Mainz, Germany (100 mm × 4.6 mm i.d., particle size 5 µm), equipped with a guard column (10 mm × 4.6 mm, particle size 5 µm) containing the same packing material. The autosampler was programmed to inject a volume of 50 µl at a carousel temperature of 4˚C and a run time of 20 min. Detection wavelength was set at 228 nm for piperacillin and benzylpenicillin as internal standard (IS). Ciprofloxacin was determined at two wavelengths (280 nm, 315 nm).
Methods
Solid Phase Extraction
The antibiotics were extracted from plasma using SPE according to a method reported by Denooz and Charlier [5] . Blood samples were centrifuged and 1 ml aliquots of the plasma samples were spiked with 50 µl IS. The samples were diluted with 1 ml ultrapure water and vortex mixed. 1 ml aliquots of the diluted samples were used for SPE on Chromabond C18ec cartridges. The antibiotics were eluted with methanol HPLC grade into HPLC vials, 50 µl aliquots were injected for HPLC analysis. Dialysate samples underwent no sample pre-treatment. They were spiked with 50 µl IS solution and assayed directly.
Chromatographic Assay
In analogy to a published method [6] , the mobile phase consisted of acetonitrile and 100 mM phosphate buffer 18/82 (v/v) and was adjusted to pH 6.1. Chromatographic separation was performed by isocratic elution with a flow rate of 1.5 ml/min. The column temperature was set at 17˚C.
Concentrations of piperacillin and the IS (benzylpenicillin) were determined at 228 nm. Concentrations of ciprofloxacin were determined in duplicate at 280 nm and 315 nm.
Pharmacokinetic Data Analysis
Data were acquired and integrated by using Waters Empower 2 Software. Concentration time curves, stability data, precision and accuracy deviations were calculated with Microsoft Excel. Statistical analysis was carried out with IBM SPSS version 20. The resulting concentrations were used to calculate the pharmacokinetic parameters of piperacillin and ciprofloxacin i.e. t 0.5 , Vd SS , AUC, Cl total , Cl CRRT and Cl extrarenal . Optimum exposure to piperacillin is expected when serum concentrations are maintained 4 -5 times higher than the minimal inhibitory concentration (MIC), i.e. above 64 mg/l over the total dosing interval. Optimum exposure to ciprofloxacin is expected when the ratio (AUIC) of the area under the curve (AUC) and MIC is ≥125 h and the C max /MIC ratio amounts to ≥10.
Method Validation
The assay was validated according to the EMA Guideline on validation of bioanalytical methods [7] . Linearity, precision, accuracy, selectivity and stability were tested.
Linearity. Calibration curves were obtained by plotting ratios of analyte area under the curve (AUC) divided by internal standard AUC. Calibration standards were prepared by spiking plasma to obtain concentrations between 30 -500 mg/l for piperacillin (30, 50, 100, 200, 300, 400, 500 mg/l) and 0.5 -10 mg/l for ciprofloxacin (0.5, 1, 2, 4, 6, 8, 10 mg/l). A blank sample and a zero sample (plasma spiked with internal standard only) were prepared in the same manner. Each calibration standard was threefold injected for HPLC analysis.
Precision and accuracy. Precision and accuracy were determined within one day (intraday) and on at least two different days (interday). Four calibration standards of piperacillin (30, 50, 200, 400 mg/l) and of ciprofloxacin (0.5, 1, 4, 8 mg/l) were assayed. Within-run accuracy and between-run accuracy were determined by analyzing five samples of each concentration. For the determination of accuracy, the mean concentration should be within 15% of the nominal values for the QC samples, except for the lower limit of quantification (LLOQ), which should be within 20% of the nominal value. For the determination of precision, the CV value should not exceed 15% for the QC samples, except for the LLOQ, which should not exceed 20%.
Selectivity. Selectivity was assessed by testing peak interference in five samples of blank plasma. The interference of co-medication was not tested. The AUC of possible interferences should not succeed 20% of the target AUC and 5% of the internal standard.
Stability. Stability was tested for a low and a high calibration standard. Short-term stability was studied after storage in the autosampler (4˚C) for 24 h and after two freeze-thaw cycles (−20˚C). The concentration measured after a 24 h storage period should not differ more than ±15% from the initial concentration. Long-term stability was investigated over a period of two months. The concentration after two months should not deviate more than ±15% from the initial concentration.
Pharmacokinetics in Critically Ill Patients
The clinical application of the liquid chromatography assay for the simultaneous quantification of piperacillin and ciprofloxacin was studied in plasma samples of a typical patient undergoing continuous venovenous haemofiltration (CVVHD). The patient was treated with piperacillin/tazobactam 4.5 g three times a day and ciprofloxacin 200 mg two times a day. Over a period of 12 hours the steady state plasma levels of piperacillin and ciprofloxacin blood samples were analyzed. Blood samples were withdrawn into heparinized sample syringes directly before and after the intravenous administration of the antibiotic, and after 0. 5, 1, 2, 3, 4, 8, 12 hours. Dialysate samples were collected during this interval whenever the dialysate bags were changed. The pharmacokinetic profiles of both antibiotics were constructed. Concentration time curves were calculated with Microsoft Excel.
Results
Method Development
Based on two known methods simultaneous quantitative analysis of piperacillin and ciprofloxacin in biological matrices was developed [5] [6] . The new method revealed to be feasible, quick and efficient to be used for TDM of broad spectrum antibiotics in patients undergoing CRRT. Representative chromatograms of piperacillin and ciprofloxacin analyzed in plasma and dialysate samples are shown in Figure 1 and Figure 2. 
Method Validation
Statistical analysis of the concentration-response ratios proved in all cases that linear correlation was the best model in the studied concentration range. Correlation coefficients for all calibration curves were higher than 0.997. Linearity of the calibration curve was given up to 500 mg/l for piperacillin and up to 10 mg/l for ciprofloxacin. Results of interday precision, intraday precision and accuracy for plasma and dialysate samples are shown in Table 1 and Table 2 , respectively. For piperacillin the intra-and interday precision deviation was lower than 7%. Accuracy ranged from 87% -102% on the different concentration levels. For ciprofloxacin the intra-and interday precision deviation was lower than 9%. Accuracy ranged from 91% -104% on the different concentrations.
The LOQ corresponded to the lowest standard concentrations used to determine the calibration curves. For piperacillin the LOQ should be lower than 64 mg/l (four times the minimum inhibitory concentration (MIC) of typical infectious agents (16 mg/l)). According to the lowest concentration used to construct the calibration curve the LOQ was set at 30 mg/l. At this concentration the piperacillin-peak was five times higher than the base line signal. For ciprofloxacin the LOQ was set at the MIC of pseudomonas aeruginosa (0.5 mg/l). At this concentration the ciprofloxacin-peak was five times higher than the base line signal. The LOQ amounted to 5% of the expected maximal concentration of 10 mg/l [8] .
There were no peak interferences observed in five samples of different blank plasmas. Piperacillin and ciprofloxacin were stable in plasma-samples over a two months period when stored frozen at −20˚C or a one-day period when stored refrigerated. Piperacillin revealed to be stable for two freeze-thawcycles, whereas ciprofloxacin was only stable for one cycle.
Frozen dialysate samples spiked with piperacillin or ciprofloxacin revealed to be stable for two months or 24 hours, respectively. Refrigerated piperacillin and ciprofloxacin samples can be stored for one day. Two freezethaw cycles can be executed with no significant losses.
Pharmacokinetics in Critically Ill Patients
Concentration time curves of piperacillin and ciprofloxacin of a selected patient (male patient, 58 years, 175 cm high, body weight 69 kg, septic with liver transplant dysfunction) are shown in Figure 3 . Because of acute renal failure (ARF) the patient underwent renal replacement therapy with CVVHD (blood flow: 120 ml/min; dialysate flow: 2.2 l/h; ultrafiltration: 100 ml/h). 
Discussion
To the best of our knowledge a simultaneous and quick HPLC method suitable for TDM of ß-lactams and quinolones is not published yet. The HPLC method described here, revealed to be valid for the rapid simultaneous determination of piperacillin and ciprofloxacin concentrations in plasma and dialysate samples. Including 40 min for SPE and 840 min for the HPLC assay (9 plasma samples, 1 blank sample (methanol), 1 zero sample (methanol/internal standard), 3 quality control (QC) samples). The assay took 14 -15 hours per patient. During the validation study the arithmetic mean of three injections was used to construct the calibration curve. Blank samples were integrated in each HPLC run; QC samples were only integrated randomly because of high costs. In these runs precision and accuracy specifications were fulfilled. There was no carry-over measured in any blank sample. The minimum and maximum concentrations in the biological matrices were expected to fall into the linear range of the calibration curve. In case of piperacillin concentrations should not go below 64 mg/l. In case of ciprofloxacin lower concentrations than 0.5 mg/l do not have a relevant impact on the resulting AUIC. Because of this insignificant impact and the calibration curves are lines through origin, concentrations lower than the validated range can be extrapolated. Precision and accuracy of the new HPLC method fulfilled the specifications of the Guideline on validation of bioanalytical methods [7] . However precision and accuracy deviations were higher than those reported with a similar method [6] . This is to be explained by the additional SPE. Plasma samples can be diluted with water without exceeding the precision and accuracy limits of ±15%. According to the supernatant results and other studies plasma samples containing piperacillin and ciprofloxacin can be stored at −20˚C for two months [5] [6] [9] . Two freeze thaw cycles are possible for piperacillin samples. Of note ciprofloxacin containing plasma samples should be only frozen and thawed once [9] .
Precision and accuracy deviations of the HPLC assay were lower in dialysate samples than in plasma samples. This is to be explained by direct injection of dialysate samples. Dialysate samples containing piperacillin can be stored at −20˚C for two months. Dialysate samples containing ciprofloxacin are not stable over a storage period of one month. Polyvalent cations like magnesium in dialysate samples form complexes and thereby reduce the ciprofloxacin concentration [10] [11] . Ciprofloxacin samples are stable over 24 hours when stored refrigerated. Analysis of dialysate samples should be performed directly after the collection period. Otherwise samples should be stored frozen. For both antibiotics two freeze thaw cycles are possible.
The HPLC method is suitable for routine monitoring of the antibiotic plasma levels in critically ill patients undergoing continuous renal replacement therapy. TDM as evaluation and interpretation of plasma or serum concentrations is a method to individualize drug therapy on a pharmacokinetic level. In the first place TDM is used for drugs with a narrow therapeutic range. In the treatment of septic patients antibiotics belong to the most important drugs and the pharmacokinetics of antimicrobial agents in critically ill patients can be highly variable [2] . In antibiotic therapy the therapeutic effects cannot be registered directly and under treatment is not recognized promptly. In order to optimize the outcome of antibiotic therapy in septic patients therapeutic drug monitoring is recommended [3] .
With standard equipment like UV detection, an isocratic method and a short runtime the simultaneous determination of typically used antibiotics in a biological and aqueous matrix is possible. One advantage of this method is the simultaneous pre-treatment of ten blood samples. The simultaneous sample pre-treatment allows the SPE and HPLC assay per sample to be performed in about 22 min. The procedure for sample pre-treatment is rapid and inexpensive. Because the IS and samples containing unknown concentrations are handled simultaneously, losses during the SPE pre-treatment are equalized. Sample preparation is easier than in other known methods for the determination of piperacillin [5] [6] [12]- [16] and ciprofloxacin [9] [17]- [23] in plasma and dialysate samples. There the separation of antibiotics from plasma is accomplished by protein precipitation [6] [23] or solid phase extraction [5] [16] [19] . The external SPE was favored over the solid phase extraction method because of a shorter analysis time per sample. In the latter one piperacillin is separated on the column by column-switching [24] . 
Ciprofloxacin
According to the national German guideline the combination of piperacillin and ciprofloxacin is recommended in the treatment of nosocomial septic patients with unknown focus [1] . Corresponding to the clinical guideline piperacillin and ciprofloxacin are often used and were selected for the pharmacokinetic study. The developed analytical method revealed to be suitable to calculate the concentration time curve for the antibiotic substances investigated. In combination with the results of the dialysate samples, all relevant pharmacokinetic data for patients undergoing CRRT can be calculated. This essential basis for optimization of dosing and TDM is given by the newly developed method. Because of the easy sample pre-treatment and the reliability of the assay therapeutic drug monitoring is feasible in clinical practice.
Conclusion
This newly developed HPLC method in combination with SPE-extraction allows an accurate, precise, specific and efficient determination of piperacillin and ciprofloxacin in biological matrices. Both antibiotics can be analyzed simultaneously in plasma as well as dialysate samples. Results allow the calculation of all relevant pharmacokinetic data for critically ill patients undergoing CRRT and the optimization of dosing and TDM.
